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A complete calculation of the rare three-body decay t — > c/17 is presented in the framework of 
the standard model. In the unitary gauge, such a calculation involves about 20 Feynman diagrams. 
. . . We also calculate this decay in the general two-Higgs doublet model (model III), in which it arises 

, at the tree-level. While in the standard model the decay t — > ch'y is extremely suppressed, with a 

■ branching fraction of the order of lO"'^^ for a Higgs boson mass of the order of 115 GeV, in the 

' model III it may have a branching ratio up to 10~^. We also discuss the crossed decay h bsj. 
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Although the standard model (SM) has been tested to a great accuracy, it is worth investigating some rare processes 
I as they may represent a detailed test for this theory in the current and future particle accelerators. Among these 
processes, top quark decays have attracted considerable attention due in part to the extraordinary disparity between 
the top quark mass and those of the remaining quarks, which suggests that the former may give rise to the appearance 
of new phenomena For instance, it has been conjectured that the top quark may play an important role in the 
mechanism of electroweak symmetry breaking The interest in top quark physics also stems from the advent of 
' the CERN large hadron collider (LHC), which will allow the copious production of about 10^-10® top quark pairs per 
10 ' year. This will be useful to examine to a high accuracy several top quark properties, such as decay channels other 
I than the main one t bW. Due to the large top quark mass, it can have a wide spectrum of decay modes. In 
(~| ■ fact the top quark is likely to be the only SM particle to decay into a Higgs boson plus one or more other particles. 
rS 1' In the SM, even the second most likely decay modes, the nondiagonal ones t sW and t dW, have very small 
JL : branching ratios, of the order of 10~^-10~'* P|. The top quark decay t bWZ has a tiny branching ratio, but 
it was believed |j, |^ it might be useful to probe the top quark mass due to the fact that this decay mode is 
(~| , close to the kinematical threshold. For a Higgs boson mass of the order of 120 GeV, the branching ratio for the 
ILJ ' decay channel t hWH is about 10~* 3. Another three-body decay, t cWW , is much more suppressed by the 
Glashow-IUiopoulus-Maiani (GIM) mechanism: its branching ratio is of the order of 10~^^ One-loop induced 
flavor changing neutral current (FCNC) decays of the top quark seem to be far from the reach of detection, though 
^ they can have sizeable branching ratios in some extended theories. In fact, the search for large signatures of FCNCs 
involving the top quark is considered the ultimate test for the SM JJ. The following FCNC top quark decays have 
been wide ly s tudied in the SM and some of its extensions: t ^ eft. |8|, 0, |^ [T2. Il^ M . t ^ cV {V = ^, g, Z) 
II El 111 111 111 El 113, El 113, t ^ cF.V, llll, and more recently other rare decavspl|7 While the decay modes 
t cVi and t ^ ch all have branching ratios below the 10"^° level in the SM HQ, they can be dramatically enhanced 
beyond the SM. For instance, in the minimal supersymmetric standard model (MSSM) with broken R parity the upper 
limits are ilg]: Br{t 07) - 10-^ Br{t eg) ~ lO'^, Br{t cZ) ~ lO'^, and Br{t ch) - 10"'*. Two-Higgs 
doublet models (THDMs) can also give rise to large enhancements for this class of decays. In particular, the decay 
t ch may have a branching ratio up to 10"^ in the THDM of type HI [Tol |. 

The aim of this work is to discuss the decay t ch-y and the crossed one h qiqj^- These FCNC decay 
modes are interesting since they involve the Higgs boson, which still remains the most elusive piece of the SM. Since 
these processes are expected to be strongly suppressed by the GIM mechanism, which effectively suppresses FCNC 
transitions involving virtual down-type quarks, they are very sensitive to any new physics effects. The t — > c/17 decay 
occurs at the one-loop level in the SM. In the unitary gauge there are about 20 Feynman diagrams. For completeness, 
we will present explicit results for this calculation. On the other hand, as already mentioned, some SM extensions 
may give rise to large FCNC effects. In this context, we will consider the specific case of the general two-Higgs 
doublet model type HI llHtHHIlll, which allows for tree-level FCNCs, unlike the type-I and type-II THDMs, 
where FCNCs are removed by invoking an ad hoc symmetry [2^ . We will show below that this model may enhance 
considerably the decay t chj due in part to the tree- level FCNCs. 
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FIG. 1: Feynman diagrams contributing to the decay t ~* ch'y. An extra set of diagrams is obtained when the Higgs boson and 
the photon are exchanged. The blob represents the one-loop contributions from irreducible Feynman diagrams. In the massless 
charm quark limit, the diagrams in which the Higgs boson emerges from the c quark give no contribution as the coupling hcc 
is proportional to rric- 
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FIG. 2: One-loop contribution to the tc vertex in the unitary gauge, di stands for a generic down quark. 

The rest of the paper is organized as follows. In Sec. II we discuss the most important details of the t chj 
calculation within the SM. Although the formulas for the decay t — s- c/17 are too lengthy, they are presented in 
Appendix A for completeness. The scenario that arises in the THDM is discussed in Sec. III. Finally, the conclusions 
are presented in Sec. IV. 

II. DECAY t -> ch-y IN THE SM 

We turn to the most relevant details of the calculation of the decay t ch'y in the SM. In the unitary gauge, 
this decay proceeds through 20 Feynman diagrams, which are depicted in Fig. ^ where the blob represents one-loop 
contributions. There are contributions from loops carrying charged W gauge bosons and down quarks, which we will 
denote generically by di. We have grouped these diagrams into four sets: those that arise from the irreducible vertices 
te, te/i, and tc^, as well as the box diagrams. The loops are shown explicitly through Fig. [5] to Fig. |S| We used 
the Passarino-Veltman reduction scheme (SOj to calculate the amplitudes for each set of diagrams. As a check of the 
calculation we have verified explicitly the cancelation of ultraviolet singularities and fulfillment of electromagnetic 
gauge invariance. It turns out that the amplitude for the set of diagrams arising from the tc vertex is ultraviolet 
divergent, but the divergences are exactly canceled by those appearing in the set of diagrams arising from the ic7 
vertex. Furthermore, the amplitudes of these two sets of diagrams should be combined to give a gauge invariant 
amplitude. As far as the remaining contributions are concerned, although the set of diagrams arising from the tch 
vertex yields an ultraviolet finite amplitude by its own, and so does the set of box diagrams, gauge invariance is only 
achieved when these two amplitudes are added together. It is interesting to note that these properties verify only 
if those terms that are independent of the internal down quark mass nidi ^'^^ dropped. Those terms cancel when 
one sums over the three quark families since by unitarity of the CKM matrix VtdiVj,^ = 0, which is the GIM 
mechanism. 

We now proceed to discuss in more detail the analytical results. We will denote the 4-momenta of the participating 
particles as follows 



t{pi) -> c{p2)h{q)j{k), 



(1) 
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a stands for the photon momentum Lorentz index, and we introduce the scaled variables x, y and z, given by 
k ■ pi = mjx/2, pi ■ q = and pi ■ P2 = "T-t 2^/2, along with p.^ — mf^/rn^. From 4-momentum conservation it 

follows that z = 2 — X — y. In the rest frame of the decaying t quark, x, y and z are related to the energies of the final 
particles as follows: x = 2i?-y/mj, y = 2Eh/mt, and z — 2Ec/mt. 

Before presenting the results, it is worth discussing the gauge invariance of the transition amplitude under U{l)em- 
The calculation of the Feynman diagrams via the Passarino-Veltman reduction scheme leads to the following expression 
for the transition amplitude 



Mit ^ chj) = elik) ■ uM [MIPl + MIPb) ut{pi), (2) 

where Pl = (1 - 7')/2, Pr = {1+ 7')/2, 

Ml = A^LPi + ^2LP2 + Ml <j"^k^ + A^LPi^ + A5i7" + ^glP" ^, (3) 

and a similar expression for Mfi- The coefficients An^n include the contributions of the three quarks di that circulate 
in the loops. For this amplitude to be gauge invariant under U{l)em, it must vanish when the polarization vector of 





(c) 

FIG. 5: The same as in Fig. I^for the tch'y vertex. There is also another set of box diagrams where the Higgs boson and the 
photon are exchanged. 
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the photon e* (fc) is replaced by its four-momentum ka, i.e., k^iMf^PL + A^^^'ij) = 0, which is the Ward identity. 
One way to achieve this is that each term of the left side of the identity vanishes separately, which is equivalent to 



(fc • Pi)AiLM + (fc ■ P2)A2LM + ^3L + {{k ■ Pi)AiL,R. + A^LM + (fc • P2)AeL^n) ^ = 0.^ (4) 

Since cr^^fc^fco, = 0, only the A^n^ n term vanishes automatically. It means that the remaining coefficients Aij^ n 
are not independent since the only way to fulfill the above equation is that (fc • + {k ■ P2)^2L.fl = and 

{k ■ Pi)^4L,fl + ^5L,fl + (fc ■ P2)Aql^r = 0. Therefore, if we showed that the coefRcients obtained in our calculation 
fulfill these relations then we would have shown that the transition amplitude is gauge invariant under U{l)em- We 
have verified explicitly that the amplitude obtained from our calculation obeys these relations. We can thus express 
in terms of Aij^ ^, whereas A^j^ can be expressed in terms of A4j^ and Aqj^ ^. Using these results, the 
Ai L,R amplitude can be rewritten in the form 

MIb. = ^^{{k-p2)f^-{k-pi)p^)+tmtF2L,R'j"^k^ + F3L,B.{pU-ik-Pi)r) 
mt 

+ F4L,R{p'i^-{k-p2)r). (5) 

where the new coefRcients Fij^ j^ are given in terms of the old coefRcients An^ j^. It is easy to see that the above 
equation vanishes when contracted with fc^. The coefficients -FiL.ij are too cumbersome to be presented here, we will 
content with presenting the results in the limit of a massless charm quark, in which case the charm quark becomes 
purely left-handed, namely, Uc{p2) PlUc(j>2) or Uc{p2) Uc{p2)Pr ■ As a result, the -Fil, ^2^, ^Sfli and 
terms must vanish in this limit. We have also verified that this is true by setting rric = in the general results. On 
the other hand, we cannot set m^^ = since the whole amplitude would vanish when summing over the three quark 
families due to the GIM mechanism. 

After squaring the amplitude (|2Jl we average over initial spins and sum over final polarizations to obtain, in the 
TOc = limit: 

\Mit^ch-f)\^ = ^\^uz{xz- u)\Fir\^ + 8xu\F2r\^ + 2x^ z\F3l\'^ + 2u^ z\FiL\^ + AuRe(2xF3LF2''ji 

+ {xz~u){Fij,F2i + F3LFil) +u{F3lF41 + 2F4lF21))], (6) 
where we introduced the auxiliary variable u = 1 + /i/i — 

A. Decay width 

From the square amplitude, we obtain the photon energy distribution, which is given by 

dT{t ch-f) f^+f"^ 



dx 



\Mit^chj)\'dy, (7) 



whereas the decay width reads 



= 256^ A . Tx 



where Xmin = '^F^^^^/rrit, with E^^.^ being an arbitrary minimum value for the photon energy. We cannot integrate 
over the whole photon energy spectrum since the denominator of the amplitude coming from the Feynman diagrams 
where the photon emerges from the external top quark have a factor {pi — fc)^ — = —2k ■ pi = —2mtE^, which 
vanishes when = 0. This is an infrared singularity which reflects the fact that a zero energy photon cannot be 
experimentally detected. The infrared nature of the transition amplitude can be observed in Fig. where we have 
plotted the t — > 0/17 photon energy distribution for rrih = 115 GeV. 



^ The subindex L, R means that the identity is true for either or Aiji. 
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FIG. 6: Photon energy distribution for the decay t ch'y in the SM and for mn = 115 GeV. The vertical scale is in units of 
10^ We have imposed a cutoff of E~i > 1 GeV to tame the infrared singularity. 

The branching fraction follows easily after dividing ^ by the main top quark decay width V{t ^ bW). Using the 
current values for the SM parameters |3ll, numerical integration of Eq. © gives the result Br{t chj) ^ 10^^^ 
GeV for a Higgs boson mass around 115 GeV and . = 1 GeV. For a heavier Higgs boson the branching ratio is 
one order below, as shown in Fig. [7| In obtaining these numerical results, the Passarino-Veltman scalar form factors 
were evaluated numerically via the FF routines |32| . This very suppressed result is mainly due to the GIM mechanism 
and phase space suppression. It is somewhat interesting to assess how each single term in Eq. (0 contributes to the 
decay width. In TableQlwe present the partial contribution of each term appearing in Eq. ^ for rjih = 115 GeV. We 
see that the largest contribution comes from the coefficient Fiij, whereas the coefHcient gives a contribution one 
order of magnitude below. 




,0-17 I , , , , , , , , , 1 

110 115 120 125 130 135 140 145 150 155 160 
rUh [GeV] 

FIG. 7: Br{t ch'y) in the SM as a function of the Higgs boson mass. We consider E^, > 1 GeV. 



TABLE I: Partial contribution to the Br{t ch'y) from each term in Eq. JHJ for m;, = 115 GeV. 







\Fir\' 


\F2r\^ FsLFi'^a FiflFaJj JslFi^j F^LFil FiLFil^ 


Contribution X 10^^ 2.2 


0.13 


9.7 


5.4 -4.8 2.4 -0.24 0.4 -0.9 
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III. DECAY t ch-y IN THE THDM-III 

In the THDM-III, the quarks are aUowed to couple simuhaneously to more than one scalar doublet [2^. This 
leaves open the possibility of sizeable effects in the scalar FCNC couplings involving quarks of the second and third 
generations. Unlike the first and second versions of the THDM, in model III no ad hoc symmetries are invoked to 
eliminate tree-level scalar FCNC couplings but instead a more realistic pattern for the Yukawa matrices is imposed 
and constraints on the scalar FCNC are derived from phenomenology |33- The tree-level scalar FCNC interactions 
are given by 

^Y,FCNC = ^ij sin afifjh + cos af JjH + cos af.-f'^fjA + H.c, (9) 

where we are using the Higgs mass-eigenstate basis with the light and heavy CP-even Higgs bosons h and H, and 
the CP-odd Higgs boson A, a denotes the mixing angle, and S^ij corresponds to the off-diagonal Yukawa couplings. It 
is usual to use the parametrization introduced by Cheng and Sher in Ref. j25l |: ^ij = Xij y^rriiffTJ / v , where the mass 
factor gives the strength of the interaction, whereas the dimensionless parameters Ay are usually assumed of order 
unity. Although the couplings involving light quarks are naturally suppressed according to this parametrization, the 
interaction tap, with (j> any of the three physical Higgs bosons of the THDM, is much less suppressed. Therefore, it 
is interesting to examine to what extent the decay t chj can be enhanced by this model. 

The tree-level Feynman diagrams contributing to t ^ ccf)^ are similar to those shown in Fig. Q^d) and^e). For 
illustration purposes it is enough to consider the decay into the lightest CP-even Higgs boson h. We will omit the 
factor sin a, which is to be reinserted when necessary. We will calculate the decay rate without neglecting the c quark 
mass. The transition amplitude can be arranged as in Eqs. l(2Jl and (O: 



M''\t ^ c/17) = - y^^^T ^^M (ik ■ q) I a'^^k^ + 2{{k- P2)p? - [k ■ pi)p^))utipi) ■ e:, (10) 

6 sw Tnw k ■ pi k ■ p2 v / 

As discussed above, this amplitude vanishes when e* is replaced by k^, thereby being C/(l)em gauge invariant. The 
square amplitude reads 



\M''\t^ch^)f = fil^\ (u{u\2 + x) + 2{x + l){y-2)u + x{x^ + 2{y^2){x + y^2))) 

\ 3 J 2s^ x^ V 

- 4 w (m + x (2; + y - 2)) + 2x^ {u + y-2)iie- /ij^/^) , (11) 

where fic — m'^/m'^ and u is now defined as u = 1 + /i^ — /ic ^ y- This result can be inserted into Eq. ((SJ to obtain 
the t ~f chj branching fraction. However, the above result is also infrared divergent and we should be careful when 
integrating over the photon energy. Assuming and idealized situation, we will calculate the decay width in the rest 
frame of the t quark and impose a minimum cut of 10 GeV on the photon energy. This is equivalent to introduce a 
fictitious photon mass = 10 GeV. The integration limits are thus 



2^//A7 <x<l + tij-fih-tJ'c-2 ^/Jl^JIh, (12) 



y7nin,7nax = TTTi 1 "T (^(^ ^ x){l + fl^ + ~ fic - x) T x'^ - A fi^ X^l + fJ.^ - X,Hh,f^c)^ , (13) 



2(1 — X — llry) 



with /i-y = m^/mf and \{x,y, z) ~ x + y + z — 2{xy + xz + yz). Assuming Afc ~ 1, numerical integration of Eq. 
yields Br{t 0/17) ~ lO^'' for m/j around 115 GeV. In Fig. |H|we have plotted the t chj branching ratio as 
a function of nih- For rrih ranging between 110 and 140 GeV, Br{t chj) is of the order of 10~^, but it decreases 
quickly as mh approaches the top quark mass. 

A. The decay h — > bs^ 

It is also interesting to consider the crossed decay h bsj, which is also very suppressed in the SM. The two-body 
decay h ^ bs has already been calculated in the SM the THDM and the MSSM It has been found that 
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FIG. 8: t — > c/17 branching ratio in the THDM-III as a function of the Higgs boson mass. We assumed > 10 GeV and 
Ate ~ 1. 

this decay mode may be at the reach of future coUiders. In the THDM-II, the two-body decay ft, ^ 6s as well as the 
h — > bsj one are suppressed by a factor ^Jrn\^fnl, which enters into the Cheng-Sher ansatz for the Hhs coupling. The 
numerical calculation yields the h bsj branching ratio shown in Fig. |51as a function of irih- We assumed that the 
total decay width of the Higgs boson is approximately the SM one, which was calculated via the HDECAY program 
[3^ . For 115 GeV < nih < 130 GeV the main decay channel of the Higgs boson is /i — > bb. Around ruh = 130 GeV, 
the channel h WW* becomes more important, and for nih > 2 mw the h WW mode, with two W real, becomes 
the main decay channel. So the h — > 657 decay start to decrease dramatically for rrih around 140 GeV. 




110 120 130 140 150 160 170 180 190 200 
mh [GeV] 



FIG. 9: h —> bsj branching ratio in the THDM-III as a function of the Higgs boson mass. We assumed > 10 GeV and 
Afts ~ 1. 



IV. CONCLUSION 

Although the top quark can have a wide spectrum of decay modes due to its large mass, it has a very restrictive 
dynamical behavior according to the SM predictions. This means that this particle may be very sensitive to new 
physics effects, which is strongly suggested by several SM extensions, which predict sizeable branching ratios for some 
rare top quark decay modes. In this paper we have presented an explicit calculation of the decay t — *■ c/17 both in the 
SM and the THDM-III. As occurs with the FCNC two-body decay t — > ch, the three-body decay t — > chj is negligibly 
small in the SM due to the GIM mechanism and phase space suppression. The reason why the decay width is so 
small even if there are infrared singularities is because the GIM mechanism strongly suppresses those loops diagrams 
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carrying down quarks. In contrast, in the THDM-III the decay t —f chj can be dramatically enhanced in part due to 
the existence of tree-level scalar FCNCs but also because of infrared singularities. In this model the t — > chj branching 
ratio can be up to ten orders of magnitude larger than in the SM. So it can be an alternative mode to search for 
FCNC effects. Notice that in order to tame the infrared singularities, we integrate the decay width imposing a cut off 
on the photon energy. Although we calculate the decay width in the SM using a minimum photon energy of 1 GcV, 
the result is still strongly suppressed, whereas in the THDM there is a dramatic enhancement even if we use a cut off 
of 10 GeV. 

As far as the crossed decay h — > diUjj is concerned, this is also very suppressed in the SM. In the THDM-III, the 
h diiljj branching ratio is proportional to rudi ™uj, so it gets somewhat suppressed for external light quarks. In 



particular, Br{h bsj) ~ 10 
decay channels get opened. 



for mil '--^ 115 GeV, but it decreases dramatically for a heavier Higgs boson as more 



Acknowledgments 



We acknowledge support from SNI and SEP-PROMEP (Mexico) 
U44515-F is also acknowledged. 



Partial support from Conacyt under grant No. 



APPENDIX A: AMPLITUDES FOR THE SM DECAY t 



ch'y 



In this appendix we present the amplitudes for the decay t — > ch'y in terms of Passarino-Veltman form factors |30j . 
We split the total amplitude into five pieces. The ^ coefficients arising from the tc vertex plus the tcy one will 
be denoted by the superscript tc -I- tcy, whereas tch will denote those contributions arising from the irreducible tch 
vertex alone. As for the box diagrams, Boxi, B0X2, and B0X3 will denote the contributions from the box diagrams 
with one, two and three internal W gauge bosons, respectively. As discussed in Sec. II, the contribution denoted 
by the superscript tc + tcy is ultraviolet finite by itself, whereas the remaining contributions, tch and Box^, give an 
ultraviolet finite amplitude by its own, but they should be added together to obtain gauge invariance. We do not 
present below any non gauge invariant terms since they cancel each other when adding the whole contributions. 

Each coefficient will be written as 



F, 



iL,R 




(Al) 



The quark color factor is already included and we also introduced explicitly the values of the quark charges. The 
nonzero coefficients Gi^'^^'^'^ are given by 



-.(13) 



{21; 
12 



(2) 


(1) 



(1) 



B, 



(2) 



(A2) 



^ tc+tc-y 



+ 



^ (2(1 + + 2C^f^ + 3C«) - 5S(^) + 4^)) - .(5^^) - 4^)) 



2rjm 



2"^-^i+2(Br-3c^s)-cr)+s;,- 



(3) r(7) 



u^m^,[c^''> + + 2Ci''^) - uml,[c^''> + 2(3(C(^) + 2C[ 



(22) 



2C. 



(22) 



(A3) 



where £^ = 1 — x and rj = 1 — u. Bq \ Cq \ and D^^ are Passarino-Veltman scalar functions [s^l, whereas and 
^im stand for the coefficient functions of tensor integrals. We follow the same nomenclature introduced in fsl]. The 
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arguments of the Passarino-Veltman functions are represented by the superscript (i) and are presented in Tables 
im mil and IIVI Note that although the Cg and Dq scalar functions are invariant under the permutation of their 
arguments, this is not true in general for the coefficient functions Cim and Dim- 



TABLE II: Arguments for the two-point Passarino-Veltman scalar functions: B^' = Bo(l,2,3). According to our notation 
(pi — k)^ = mt{l — x), {pi — P2f — ml + 171^ {x — u), and (pi — q)^ — ml u. 



(V 


1 
i 


Z 




(1) 





mX 


mX 


(2) 







mw 


(3) 





m%^ 


m\, 


(4) 


ml 


mX 


mX 


(5) 


ml 


2 

m-iY 




(6) 


ml 




ml^ 


(7) (Pi 




mX 


m%^ 


(8) (Pi 


-kf 


mX 


m^Y 


(9) (Pi 


-P2f 




mX 


(10) (pi 


-P2f 


m^Y 


m%- 



TABLE III: Arguments for the three-point Passarino-Veltman coefficient functions: C;^ = C;m(l, 2, 3, 4, 5, 6). 



ii) 


1 


2 


3 


4 


5 


g 


(1) 





n 

u 


ipi q) 


m^i 


myY 


m\Y 


(2) 





Q 


ipi q) 


m^ 


ml 

di 


ml 

di 


(3) 





m^ 


(Pl — K) 


m^. 


IiIY/ 




(4) 





ml 


(Pi - kf 


mly 




^di 


(5) 





ml 


(Pl -'P2f 


mX 


mX 


mX 


(6) 





ml 


(Pl '~P2f 


m^Y 


mly 


mlv 


(7) 


ml 





(Pi - kf 


mX 


mliy 




(8) 


ml 





(Pi - kf 


mly 


mX 


mX 


(9) 


ml 


ml 


(Pl - 9)' 




mly 


mlv 


(10) 


ml 


ml 


(Pl - 9)' 


m%f 




^di 


(11) 


ml 


(Pi -P2f 





mX 


mly 




(12) 


ml 


(pi -P2f 





m^Y 


^% 




(13) 








(Pl - 9)' 


"^di 






(14) 





(Pi - kf 


ml 


mX 


mX 




(15) 


ml 





(Pi - fc)' 


mX 


mX 


mlv 


(16) 


ml 





(Pl ~P2f 


^di 




^di 


(17) 


ml 


(Pi - qf 


ml 


mX 


mX 


m%^ 


(18) 


ml 





(Pl "P2)^ 


mX 


mly 


mX 


(19) 


ml 


(Pi - q? 




"^di 


m^ 


^di 


(20) 


ml 


(Pi - kf 







mly 


^% 


(21) (P: 










mX 


mly 


mX 


(22) (p: 










^di 


mly 


mlv 


(23) (p: 




ml 


ml 


"^di 


mly 


m%^ 


(24) (pi - 





ml 


mX 


mly 


mX 


(25) (pi - 





ml 


mX 




mlv 


(26) (pi - kf 


ml 







m'ly 


mlv 


(27) 





ipi - qf 





mX 


mX 




(28) 





(Pi - kf 


ml 


mX 


m^ 


mX 
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TABLE IV: Arguments for the four-point Passarino-Veltman coefficient functions: dJ^' — Dim(i- 2, 3, 4, 5, 6, 7, 8, 9, 10) 



(i) 


i 


2 




i 


(1) 





ipi - kf 


■mi 


(pi - 


(2) 


■ml 


(Pi - qf 





{Pi-I 


(3) 


ml 
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